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Abstrat
The Inert Doublet Model (IDM), a two Higgs extension of the Standard Model with an unbroken
Z2 symmetry, is a simple and yet rih model of dark matter. We present a systemati analysis of the
dark matter abundane and investigate the potentialities for diret and gamma indiret detetion. We
show that the model should be within the range of future experiments, like GLAST and ZEPLIN. The
lightest stable salar in the IDM is a perfet example, or arhetype of a weakly interating massive
partile.
1 Introdution
Contemporary osmologial observations onur to indiate that the majority of matter in the universe
not only does not shine but is not even made of ordinary atoms [1, 2℄. Deiphering the nature of this
so-alled Dark Matter has beome one of the most important issue at the frontier of partile physis,
astrophysis and osmology. A profusion of dark partiles have been proposed over the years and it
is muh hoped that present and forthoming experiments will throw some light on the matter. For a
review, see for instane [3, 4℄.
In the present artile we investigate further a rather mundane, although in our opinion quite inter-
esting, form of dark matter. The partile andidate is a weakly interating massive salar and it has
been advoated reently in [5℄ and [6, 7℄. The framework is that of a two Higgs doublets, H1 and H2,
version of the Standard Model with a Z2 symmetry suh that
H1 → H1 and H2 → −H2.
All the elds of the Standard Model are even under Z2. This model has been rst disussed by
Deshpande and Ma in [8℄. Following [6℄, we will assume that Z2 is not spontaneously broken, i.e.
H2 does not develop an expetation value. Among other things, the disrete symmetry prevents the
appearane of avour hanging neutral urrents. The model is denitely not the 〈H2〉 → 0 limit of a
generi two Higgs model like, for instane, the Higgs setor of the MSSM.
The most general, albeit renormalizable, potential of the model an be written as
V = µ21|H1|2 + µ22|H2|2 + λ1|H1|4 + λ2|H2|4 + λ3|H1|2|H2|2 + λ4|H†1H2|2 +
λ5
2
[
(H†1H2)
2 + h.c.
]
. (1)
There is an Peei-Quinn U(1) global symmetry if λ5 = 0. This limit is however not favored by dark
matter diret detetion experiments (setion 2.3).
The SU(2)× U(1) symmetry is broken by the vauum expetation value of H1,
〈H1〉 = v√
2
with v = −µ21/λ1 = 248 GeV while, assuming µ22 > 0,
〈H2〉 = 0.
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The mass of the Brout-Englert-Higgs partile (h or Higgs for short) is
M2h = −2µ21 ≡ 2λ1v2 (2)
while the mass of the harged, H+, and two neutral, H0 and A0, omponents of the eld H2 are given
by
M2H+ = µ
2
2 + λ3v
2/2
M2H0 = µ
2
2 + (λ3 + λ4 + λ5)v
2/2
M2A0 = µ
2
2 + (λ3 + λ4 − λ5)v2/2. (3)
For appropriate quarti ouplings, H0 or A0 is the lightest omponent of the H2 doublet. In the absene
of any other lighter Z2-odd eld, either one is a andidate for dark matter. For deniteness we hoose
H0. All our onlusions are unhanged if the dark matter andidate is A0 instead. Following [6℄ we
parameterize the ontribution from symmetry breaking to the mass of H0 by λL = (λ3 + λ4 + λ5)/2,
whih is also the oupling onstant between the Higgs eld h and our dark matter andidate H0. Of
the seven parameters of the potential (1), one is known, v, and four an be related to the mass of the
salar partiles. In the sequel, we take µ2 and λ2 as the last two independent parameters. The later
atually plays little role for the question of dark matter.
The abundane of H0 as the dark matter of the universe as well as the onstraints from diret
detetion experiments have been touhed upon in the reent literature [6, 7℄ (see also [9℄). In the
present artile we investigate the potentialities for indiret detetion of H0 using gamma ray telesopes
and detetors. For the sake of ompleteness, we also present a systemati (albeit tree-level) analysis of
the abundane of the H0 in the light of WMAP data, as well as the prospet for diret detetion by
underground detetors.
Before doing so, we would like to briey emphasize some of the virtues of this, so-alled, Inert
Doublet Model (IDM), both in general and for the issue of dark matter in partiular. True, the model
is ad ho. Also, it does not address any deep issue, say the hierarhy problem. Yet it is a very simple
extension of the Standard Model and its phenomenology is nevertheless very rih [5, 6, 10, 11℄. In
referene [6℄, Barbieri et al onsidered this model as a way of pushing the mass of the Higgs partile
toward the TeV sale, without ontraditing LEP preision measurements (see also [10℄, and setion 3.1
of the present paper). Also, in the simplest version disussed here there are no Yukawa ouplings to the
H2 doublet, but it is somewhat natural to imagine oupling it to (odd) right-handed neutrinos. This
opens the possibility of generating the mass of the SM neutrinos through loop orretions, a mehanism
introdued by Ma in [5℄ and further addressed in a series of papers [12, 13, 14℄.
As a dark matter andidate, H0 is not without interest either. It belongs to the family of Weakly
Interating Massive Partiles (WIMP) and has been proposed as a dark matter andidate by Ma . The
most alaimed member of this family is ertainly the neutralino, the lightest supersymmetri partile
(LSP). The supersymmetri extensions of the SM are without doubt very interesting and well motivated
but they involve many new parameters and their phenomenology is, to say the least, omplex. It is
perhaps far fethed to ompare the respetive advantages and disadvantages of the IDM and of the
MSSM but it is interesting that the H0 shares many similarities with the LSP (weak interations,
similar mass sale, et) while being onsiderably muh simpler to analyze. Interestingly, if we take
seriously the idea that H0 is the dominant form of dark matter, the parameter spae of the IDM model
is quite onstrained. It is also, to some extent, omplementary to that of the MSSM, as we show in
the onlusions. And, herry on the top, the phenomenology of the H0 as a andidate for dark matter
is neatly intertwined with that of the Higgs partile. In our opinion, it is this onjuntion of simpliity
and rihness that makes the lightest stable salar a perfet example, or arhetype, of dark matter.
The plan of the paper is as follow. In the next setion (2) we give a summary of our methodology
for the alulations of the dark matter abundane, the photon ux for indiret detetion by gamma ray
telesopes and the ross-setions for diret detetion. We then disuss in some details the results of our
analysis, in the light of WMAP data, and study the prospets for both indiret and diret detetion
by existing and forthoming experiments. We give our onlusions in the last setion, together with
omparison of the Model with that of the MSSM, and the prospets for future analysis.
2
2 Dark matter aspets
2.1 Dark Matter abundane
The abundane of H0 has been estimated in [6℄ and in [7℄ for two dierent mass ranges. As in these
papers, we onsider only the standard freeze-out mehanism. There are then essentially two regimes,
depending on the mass of H0 with respet to that of the W and Z bosons. If MH0 ∼> 80GeV, the
H0 annihilate essentially into Z and W boson pairs (see Figure (1)). For MH0 > Mh, the annihilation
hannel into h pairs opens (see Figure (2)). Otherwise, the H0 annihilate essentially through an
intermediate Higgs, provided the Higgs itself is not too heavy. Some amount of oannihilation of H0
with the next-to-lightest salar partile A0 (resp. H
+
) through a Z (resp. W+) boson an be present
[15℄, a feature that substantially ompliates the determination of the dark matter abundane (see
Figure (3)).
We have omputed the reli abundane of H0 using mirOMEGAs2.0, a new and versatile pakage
for the numerial alulation of Dark Matter abundane from thermal freeze-out [16℄. The latest
implementation of this ode, whih was originally developed to study supersymmetri models, allows
one to enter any model ontaining a disrete symmetry that guarantees the stability of the dark matter
partile. The ode takes advantage of the fat that eah odd (i.e. non standard) partiles of the model
will eventually deay into the lightest odd partile, in our ase the H0. One an then sum the system
of Boltzmann equations of all odd speies and the reli density of dark matter is alulated by solving
the Boltzmann equation for the lightest partile only [17℄:
dY
dT
=
√
pig∗(T )
45
MPl〈σv〉(Y 2(T )− Y 2eq(T )), (4)
where Y ≡ nDM/s is the omoving density of dark matter. All the proesses of the model enter in the
thermally averaged ross-setion 〈σv〉. Integrating Eq.(4) from T =∞ to T = T0 the reli abundane
is given by
ΩDMh
2 = 2.72× 108MDM
GeV
Y (T0). (5)
MirOMEGAs2.0 itself is build upon CALCHEP, a ode for omputing tree-level ross-setions. We
have used both MirOMEGAs2.0 and CALCHEP to ompare with our analytial alulations and to
perform a number of ross-heks that have strengthened our faith in the numerial results reported in
the present paper.
∗
2.2 Indiret detetion
The measurement of seondary partiles oming from dark matter annihilation in the halo of the galaxy
is a promising way of deiphering the nature of dark matter. This possibility depends however not only
on the properties of the dark matter partile, through its annihilation ross-setions, but also on the
astrophysial assumptions made onerning the distribution of dark matter in the halo that supposedly
surrounds our galaxy. The galati enter (GC) region is potentially a very attrative target for indiret
detetion of dark matter, in partiular through gamma rays. The produed gamma ray ux from the
annihilation of dark matter partiles an be expressed as
Φγ
dΩdE
=
∑
i
dN iγ
dEγ
〈σiv〉 1
4pim2DM
∫
l.o.s.
ρ2 dl, (6)
where mDM is the dark matter partile mass, ρ is the dark matter density prole, 〈σiv〉 and dN iγ/dEγ
are, respetively, the thermally averaged annihilation ross setion times the relative veloity v and the
dierential gamma spetrum per annihilation oming from the deay of annihilation produts of nal
state i. The integral is taken along the line of sight. The proesses involved are shown in the Figure
(3), rst diagram and Figures (1) and (2).
∗
The Feynman rules and denition les of the IDM to be used with mirOMEGAs an be obtained upon request to the
authors of the present artile and will be inluded in the next available version of the ode.
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The models will be onstrained by the existing EGRET [18℄ experimental limit on the ux, ∼ 10−8
photons cm−2.s−1, and the forthoming GLAST [19℄ expeted sensitivity, ∼ 10−10 − 10−11 photons
cm−2. s−1 for ∆Ω = 10−3 and 10−5 srad respetively.
Our purpose for the time being is merely to prospet the IDM with regard to gamma ray indiret
detetion. In this paper, we fous on the partile physis parameter dependene of the model and
work within a xed astrophysial framework, the popular Navarro-Frank-White (NFW) halo prole
[20℄. With R0 = 8.5 kp equal to the distane from to Sun to the GC and ρ0 = 0.3 GeV.cm
−3
the dark
matter density in our neighborhood, the NFW prole density an be parameterized as
ρ(r) = ρ0
[1 + (R0/a)
α](β−γ)/α
[1 + (r/a)α](β−γ)/α
(
R0
r
)γ
, (7)
with (a, α, β, γ) = (20, 1, 3, 1). It should be emphasized that the (dark) matter distribution in the
innermost region of the galaxy is poorly known so that γ is not very onstrained, a freedom that an
give rise to very dierent values of the gamma ray ux. Typially a suppression or an enhanement
of two orders of magnitude an be obtained if one onsiders respetively a halo with a at ore (e.g.
isothermal, γ = 0) or a deeper usp (γ ∼ 1.5) [21℄ oming for instane from baryoni infall. Hene,
depending on the astrophysis assumptions, the estimation of gamma ray signal an vary quite strongly
(see e.g. [23, 22℄).
To alulate the ux we have integrated (6) for a NFW prole above 1GeV and around a solid
angle of ∆Ω = 10−3 srad for EGRET and ∆Ω = 10−5 srad for GLAST. The dierential spetra of eah
hannel are given by mirOMEGAs (we have heked the agreement with Pythia simulations of [23℄)
as well as 〈σv〉 at rest and we have integrated the square of the dark matter density along the line of
sight.
2.3 Diret detetion
A loal distribution of weakly interating dark matter ould be deteted [24℄ by measuring the energy
deposited in a low bakground detetor by the sattering of a dark matter partile with a nulei of
the detetor. One distinguishes spin dependent and spin independent interations. For H0 interating
with the quarks of the nulei, there are two spin independent proesses at tree level, H0q
Z−→ A0q
and H0q
h−→ H0q (see Figure (4)). The experiments have reahed suh a level of sensitivity that the
Z exhange ontribution is exluded by the urrent experimental limits. Consequently, to forbid Z
exhange by kinematis, the mass of the A0 partile must be higher than the mass of H0 by a few
100keV (we will thus disregard the λ5 → 0 limit). We assume that the main proess here is the one
with Higgs partile exhange h. The ross setion at tree-level is [6℄
σhH0−p =
m2r
4pi
(
λL
MH0M
2
h
)2
f2m2p, (8)
where f is a form fator estimated in the literature to be f ∼ 0.3 and mr is the redued mass of the
system. [25℄. In addition, for MH0 < MW , we have negleted the one-loop exhange of two gauge
bosons. For MH0 > MW , we inlude this proess with, following [7℄, σH0−p ≃ 4.6 10−13pb. We take
into aount the onstraints given by the CDMS [26℄ experiment (∼ 10−6 pb) and the model is also
ompared to the next generation experiments like EDELWEISS II [27℄ or a ton-size experiment like
ZEPLIN [28℄ with the valley of their sensitivities respetively around σ ∼ 10−8 and σ ∼ 10−10 pb.
3 Analysis
The proesses driving the (o)annihilation ross setion 〈σv〉 relevant for the reli density from freeze-
out and indiret detetion of gamma rays are shown in the Figures (1), (2) and (3). The H0-proton
interations relevant for diret detetion are shown in Figure (4).
There are two qualitatively distint regimes, depending on whether the H0 is lighter than the W
and Z and/or the Higgs boson, in whih ase annihilation proeeds through the diagrams of Figure
4
(3). At low mass, the seond diagram of (3) may ontribute to the dark matter abundane if there is
a substantial number of A0 at the time of freeze-out (i.e. oannihilation).
In the plots of Figure (5), the reli abundane of H0 dark matter partiles, the gamma ray ux
due to H0 annihilation at the galati enter (indiret detetion) and, nally, their ross-setion for
elasti sattering o a proton through Higgs boson σH0−p (diret detetion) exhange are shown, for
two partiular Higgs masses (Mh = 120 GeV and 200 GeV) in the (MH0 , µ2) plane. We refer to this as
the low H0 mass regime. For higher H0 masses, similar plots are displayed in Figure (6) (for Mh = 120
GeV), respetively for the dark matter abundane, the gamma ray ux and the ross-setion for diret
detetion. In eah of these three ases, the olor gradients orrespond respetively to gradients in
log(ΩH0h
2), log(Φγ(m
−2
s
−1)) and log(σH0−p(pb)).
Sine we plot our results in the (MH0 , µ2) plane, the diagonal line orresponds to λL = 0, i.e. to no
oupling betweenH0 and the Higgs boson. Away from this line, λL inreases, with λL < 0 (resp. λL > 0)
above (resp. below) the diagonal. Also, we write ∆MA0 = MA0 −MH0 and ∆MHc =MH+ −MH0 .
In the plots of the dark matter abundane, the areas between the two dark lines orrespond to
regions of the parameter spae suh that 0.094 < ΩDMh
2 < 0.129, the range of dark matter energy
densities onsistent with WMAP data. In the ross setion and gamma ray ux plots, the lines indiate
the areas of the parameter spae within reah of the various experiments we take in onsideration.
3.1 Constraints
The shaded areas in the plots of Figures (5) and (6) orrespond to regions that are exluded by the
following onstraints:
• Vauum stability:
Vauum stability (at tree level) demands that
λ1,2 > 0,
λ3, λ3 + λ4 − |λ5| > −2
√
λ1λ2. (9)
As a result, negative ouplings, and λL < 0 among others, are largely exluded. This is the
shaded area in the domains µ2 > MH0 of Figures (5) and (6).
• Perturbativity:
Strong ouplings |λi| > 4pi are exluded but intermediate ouplings, 1 < |λi| < 4pi, might
be tolerated. The latter orrespond to the regions with horizontal lines. Notie that the mass
splitting relative to the µ2 sale is smaller in the high mass regime (see Eq.(3)). For this reason,
going away from the diagonal line in the plots of Figure (6), we run faster into the large oupling
regime than in those of Figure (5). The regions exluded by the strong oupling onstraint is of
ourse symmetri with respet to the µ2 = MH0 axis.
• Charged Higgs salar:
The mass of the harged salar H+ is onstrained by LEP data to be larger than 79.3 GeV
[30℄. As we x the mass dierenes in our plots, this onstraint translates in the exluded region
MH0 ∼< 30 GeV in the low mass regime abundane plots.
• Eletroweak Preision Tests (EWPT):
New physis an aet eletroweak preision measurements. The impat of the new H2 doublet
an be desribed in term of the S, T eletroweak preision parameters. As pointed out in [6℄,
with appropriate mass splittings between its omponents, an H2 ould sreen the ontribution
to the T parameter of a large Higgs masses, Mh ∼ 500 GeV. The eets on the S parameter is
parametrially smaller for the region of parameter spae satisfying the previous onstraints. In
all the ase we have studied, we have heked that the ontribution to the T parameter resulting
from the Higgs mass and the H2 omponents are onsistent with EWPT. Unlike Barbieri et al,
we only onsidered small values of the Higgs mass, Mh ∼< 200 GeV. Given our hoie of the Higgs
mass Mh and of mass splittings between the H0 partiles and the other omponents of H2, the
onstraints from EWPT are easily satised.
We now turn to the analysis of the model, starting with the low H0 mass regime.
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nal state.
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Figure 4: Leading hannels ontributing to σH0−p (diret detetion).
3.2 Low mass regime, MH around 100 GeV
The results of this setion are shown in Figure (5). Two proesses are relevant below the W , Z or
h threshold: H0 annihilation through the Higgs and H0 oannihilation with A0 through Z exhange.
Both give fermion-antifermion pairs, the former predominantly into bb¯. As the mass of H0 goes above
W , Z or h threshold, H0 annihilation into WW , ZZ and hh beome inreasingly eient, an eet
whih strongly suppresses the H0 reli density.
Coannihilation into a Z may our provided ∆MA0 is not too important
†
, roughly ∆M must be of
order of Tfo ∼MH0/25. Otherwise H0 annihilate dominantly into bb¯. This regime is quite interesting:
the interations are either ompletely known (i.e. eletroweak interations), or highly sensitive to the
Higgs boson mass Mh and the H0h eetive oupling λL!
For the sake of illustration, we study two ases,Mh = 120 GeV andMh = 200 GeV to show how the
preditions hange as a funtion of the Higgs boson mass. A few general lessons an be extrated from
these two spei examples. Note that the mass dierenes ∆MA0 and ∆MHc are xed respetively
to 10 and 50 GeV while ∆MA0 is large enough to avoid the onstraints from diret detetion and small
enough to have a some amount of oannihilation into a Z.
We may distinguish ve dierent regions (see Figure (5), top left):
Regions 1 and 2 are exluded respetively by harged Higgs prodution and vauum stability on-
straints. The latter involves the self oupling of the Higgs, λ1 and thus depends on the Higgs mass
(see Eq.(2)): region 2 is broader for smaller Higgs massMh. Although region 1 is experimentally ruled
out, it is interesting to understand the trends. In this region, the reli abundane of H0 dereases with
inreasing MH0 as one goes along µ2 =MH0 . Comparing the Mh = 120 GeV and Mh = 200 GeV plots
we observe that the gradients depend, again, on the Higgs mass. This is simply due to the M2H0/M
4
h
dependene of the annihilation ross setion through the Higgs, i.e. smaller abundane for higher MH0
and/or lower Mh. In region 2, the abundane is smaller the further one deviates from µ2 = MH0 , re-
eting the dependene of the annihilation ross setion on |λL|. For MH0 ∼< MW (resp. MH0 ∼> Mh),
H0H0 → b¯b (resp. H0H0 → hh) is the dominant proess. Otherwise, for MW ∼< MH0 ∼< Mh,
H0H0 →WW,ZZ dominate.
In region 3, the ouplings are rather large, but nevertheless onsistent with vauum stability. Sine
µ2 > MH0 , MW , the dominant ontribution to the ross setion is given by H0H0 →W+W− proess,
large enough to bring the reli abundane far below WMAP data.
Region 4 is below theW threshold. It is the only region onsistent with the dark matter abundane
predited by WMAP data in the low mass regime. The proess that determines the reli abundane of
H0 is again the annihilation through the Higgs. Coannihilation proesses beome dominant near the
resonane atMA0+MH0 ≈MZ . This is the origin of the dip in theH0 reli abundane aroundMH0 ≈ 40
GeV (orresponding to MA0 ≈ 50 GeV for our hoie of mass splittings). Similarly, annihilation near
†
H0 H
+
oannihilation is suppressed for our hoie of ∆MHc.
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the Higgs resonane generates a seond dip around MH0 ≈ Mh/2. There is an island onsistent with
WMAP data, whih extends up toMH0 ∼ 80GeV, at whih pointWW annihilation beomes important
and suppresses the reli abundane.
Region 5, nally, orresponds to MH0 > MW . Annihilation into a gauge boson pair is dominant,
at least as long as MH0 < Mh. Gauge boson pair prodution dominates above the Higgs threshold for
µ2 < MH0 while Higgs pair prodution is dominant if µ2 > MH0 . In all instanes, the reli abundane
is too suppressed to be onsistent with WMAP for MH0 ∼< 600 GeV.
As expeted, and as revealed by visual inspetion, the photon ux plots shares some of the hara-
teristis of the abundane plots. The only new salient feature is the absene of a dip at the Z resonane.
This is of ourse beause today, in ontrast with the early universe, all A0 are gone. Existing experi-
ments are not very onstraining but future gamma ray detetion experiments, suh as GLAST, might
severely hallenge the model. As usual we should bear in mind the astrophysial unertainties: by
hanging the galati dark matter density prole, we an get higher (or smaller) uxes.
The plot of the ross setion for diret detetion is pretty transparent. Sues to notie (see setion
2.3) that σH0−p at tree level is proportional to λ
2
L. The dominant ontribution to the elasti sattering
ross setion is thus zero on the µ2 = MH0 axis while it inreases for larger values of |µ2 −MH0 |.
The dependene on the Higgs mass (Eq. 8) learly appears when omparing the σH0−p plots for
Mh = 120 GeV and Mh = 200 GeV. For MH0 > MW , the one-loop ontribution to the ross setion
fromW exhange is taken into aount. However it does not aet muh the results as it only amounts
for 10−13 pb. Unless we suppose that the mass of H0 and A0 are nearly degenerate, existing diret
detetion experiments are not very onstraining. Forthoming experiments however might put a dent
on some of the solutions onsistent with WMAP.
3.3 The high mass regime, MH ≫ MW
The results of this setion are shown in Figure (6), left olumn. No new annihilation hannel opens if
MH0 is heavier than the Higgs or gauge bosons. There are then essentially two sort of proesses whih
ontrol both the abundane and the gamma ray ux: the annihilation into two gauge bosons, dominant
if µ2 < MH0 , and the annihilation into two Higgs, whih dominates if µ2 > MH0 . Coannihilation plays
little role. It aets a bit the reli abundane along the diagonal but, even so, it is not the key proess
to get the WMAP abundane.
The abundane of dark matter is suppressed over most of the area of the plot beause of large
quarti oupling eets on the ross setions. Strong ouplings are exluded on a physial basis, but
we found this limit nevertheless useful to understand the interplay between the various proesses. In
the present subsetion, we will argue that it is possible to reah agreement with WMAP data, but only
to the prie of some ne tuning between the dierent annihilation hannels.
Consider rst the annihilation into two Higgs bosons (the dashed line in the graphs Figure (7)). Its
ross setion is vanishing for λL = 0. For µ2 < MH0 (orresponding to λL > 0), there is a destrutive
interferene between the diagrams of Figure (2), whih is absent if µ2 > MH0 . The annihilation
into gauge bosons depends on the quarti ouplings between the salars (see Figure (1)). Indeed, the
annihilation through an intermediate Higgs is ontrolled by λL. Also, the t and u hannels exhange
diagrams are sensitive to the mass dierenes between the omponents of the H2 doublet, whih depend
respetively on λ5 for the annihilation into Z bosons and on λ4+λ5 for the annihilation intoW bosons.
If λL ≃ 0, there is no or little annihilation into a Higgs. The relevant diagrams are then the quarti
vertex with two gauge bosons and the t and u hannels with A0 (resp. H
+
) exhange. If λ5 = 0 (resp.
λ4 + λ5 = 0) the ross setion into a Z (resp. W ) boson pair is minimal and sales like α
2
W /M
2
H0
.
If, for instane, λ5 6= 0 the annihilation into a Z boson pair reeives a ontribution whih grows like
α2W (MA0 − MH0)2/M4Z . A similar result holds for the annihilation into a W boson pair provided
λ4 + λ5 6= 0. Notie that α2W (MA0 −MH0)2/M4Z ∼ λ25/M2H0 . The eets of weak isospin breaking
between the omponents of H2 is reminisent of what happens for the Higgs in the regime of strong λ1
oupling (the so-alled Goldstone boson equivalene theorem [31℄).
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To have an abundane of dark matter in agreement with WMAP, the mass splittings between the
omponents of H2 must be kept relatively small. First beause large mass splittings orrespond to
large ouplings and seond beause the dierent ontributions to the annihilation ross setion must
be suppressed at the same loation, around λL = 0 (ie MH0 ≃ µ ≃ MA0 ≃ MH+ in this ase). This
is illustrated in Figure (7) for two dierent mass splittings. The rst plot is for small mass dierenes
(∆MA0 = 5 GeV and ∆MHc = 10 GeV), the seond one for (relatively) larger splittings (∆MA0 = 10
GeV and ∆MHc = 50 GeV). In the seond ase, the ross setion is too large to obtain an abundane
onsistent with WMAP, 〈σv〉WMAP ∼ pb.
In the limit of small mass splittings and vanishing λL = 0 we have the right amount of dark matter
providedMH0 ∼> 600 GeV. This regime orresponds to the narrow region around the diagonal in Figure
(6). The abundane inreases for inreasing MH0 , but this an be somewhat ompensated by playing
with the mass splittings, whih, as disussed above, tend to inrease the ross setion. For instane,
for ∆MA0 = 5 GeV and ∆MHc = 10 GeV, we get the right reli abundane for MH0 ∼> 800 GeV.
There is however a limit to this trend. Indeed, the total annihilation ross setion of a salar
partile, like our H0, is onstrained by unitarity to be smaller than
〈σv〉unitv→0 ≈
4pi
M2H0
√
xf
pi
(10)
a result whih, in the ontext of dark matter relis from freeze-out, has been rst put forward by Griest
and Kamionkowski [32℄. In the present model, inreasing the mass splitting drives the annihilation ross
setion toward the strong quarti oupling regime. A similar result holds, for instane, for a weakly
interating massive neutrino andidate of dark matter. In this ase, both the neutrino and its harged
partner should be kept lighter than, say 1 TeV, sine their mass omes from Yukawa ouplings to the
Higgs eld. (See [33℄ and the disussion in [32℄). In our ase, the bulk of the mass of the omponents
of the H2 doublet omes from the mass sale µ2, whih is a priori arbitrary. However, the unitarity
limit and WMAP data onstraints, translate into the upper bound MH0 ∼< 130 TeV [32℄.
Unfortunately neither diret, nor indiret detetion experiments are sensitive to the large mass
region disussed in this setion. Forthoming diret detetion experiments might do better, but as the
plots show rather learly, other forms of dark matter would then have to be introdued in order to
explain the amount of dark matter that is urrently observed. However, if the prole of dark matter
in the galaxy is as assumed in the present paper (i.e. NFW), future gamma detetors (GLAST) will
probe most of the parameter spae onsidered in this setion, keeping in mind that we had to nely
tune the mass splittings to obtain the right abundane.
4 Conlusions
The dark matter andidate of the Inert Doublet Model stands erely by the neutralino. The lightest
stable salar is a weakly interating massive partile with a rih, yet simple, phenomenology and it
has a true potential for being onstrained by existing and forthoming experiments looking for dark
matter. For the sake of omparison, we show in the right part of Figure (6) a fair sample of models,
both for the IDM and the MSSM. In the (MDM ,ΩDMh
2) plane, we learly see the two regimes (low
mass and high mass) of the IDM that may give rise to a relevant reli density (i.e near WMAP). The
MSSM models have a more ontinuous behavior, with O(100 GeV) dark matter masses. For indiret
detetion, the IDM dark matter andidates have typially higher detetion rates than the neutralino in
SUSY models, espeially at high mass. It is in partiular interesting that the IDM an give the right
reli abundane in a range of parameters whih will be probed by GLAST. Diret detetion is also
promising but only at low masses, where the models are within reah of future ton-size experiments.
The high mass models, however, have too small ross setions in the regions onsistent with WMAP.
The phenomenology of the IDM andidate for dark matter is intertwined with that of the Brout-
Englert-Higgs partile, h. It ould be of some interest to investigate the prospet for detetion of the h
and H2 omponents at the LHC, in the light of the onstraints for dark matter disussed in the present
paper.
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Figure 5: From top to bottom: Reli density, gamma indiret detetion and diret detetion ontours in
the (MH0 , µ2) plane. Left: mh = 120 GeV. Right: mh = 200 GeV.
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Figure 6: Left: same as Figure (5) for MH0 , µ2 ∈ [700, 1400] GeV. Right: Comparison with the MSSM.
From top to bottom: Reli density, gamma indiret detetion, diret detetion, all as a funtion of the
mass of dark matter (for the last two plots, the light olors orrespond to , while the
dark olors orrespond to .) In the diret detetion plot, the two louds of the
IDM orrespond to dierent values of , both in sign and amplitude.
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Figure 7: 〈σv〉v→0 as a funtion of µ2 for MH0 = 1000 GeV and small mass splittings ∆MA0 = 5 GeV,
∆MH+ = 10 GeV for the plot on the left and larger mass splittings ∆MA0 = 10 GeV, ∆MH+ = 50 GeV
for the plot on the right. Dashed line orresponds to annihilation into two Higgs, ontinuous lines to
annihilation into two gauge bosons.
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